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Abstract 
This paper presents a method to evaluate the environmental and economical sustainability of a manufacturing line/plant along its whole life 
cycle. The concurrent analysis of LCA and LCC allows the process engineers to estimate the production sustainability during the design of a 
new production line. The method considers costs and environmental impacts of the initial deployment (i.e. initial investment and set-up), use 
(i.e. workload or maintenance required by each machine) and end of life (i.e. retirement) of the analyzed system. The approach has been tested 
in a company that manufactures extruded pipes with the aim to evaluate the relative benefits. 
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1. Introduction 
The problems of environmental pollution and global 
warming have become critical questions for the modern 
society. They are causing important changes in the climate 
and, in the long period, will certainly lead to heavy 
consequences for the global Earth ecosystem and, in 
particular, for the humanity. As it is well known, 
manufacturing industry is recognized as one of the main 
responsible of this situation, with its 31% of primary energy 
use, and an important emitter of carbon dioxide, with a 
contribution of more than 36% of the total [1]. 
In this context, there has been an increasing pressure on 
manufacturing companies to think not only to the economic 
benefits of their activities, but to consider also the 
environmental and social effects [2]. International 
governments has issued set of legislations about this aspect, 
such as the “European climate and energy package” which 
aims to reduce the greenhouse gas emissions and to increase 
energy efficiency and production of energy from renewable 
resources [3]. For these reasons an important goal for 
manufacturers is to promote products and processes which 
minimize the environmental impact whilst maintaining 
economic profits. The implementation of sustainable 
manufacturing approaches represents the only possible way 
for industries to satisfy these requirements. 
In order to favour the adoption of sustainable processes 
within a manufacturing company, this paper presents a 
method to estimate the economic and ecological impact of 
production lines. To this aim it is necessary to consider the 
whole lifecycle, from manufacturing to use and maintenance, 
till dismantling at the End-of-Life (EoL).  In general, the 
sustainability and energy efficiency is measured through the 
use of sensors and monitoring systems within the production 
lines. The proposed method, instead, aims to provide a pre-
emptive sustainability estimation, in order to help companies 
in the selection of the most appropriate solution. The 
concurrent estimation of the lifecycle cost and environmental 
impacts, caused by the production line during the whole life 
time, allows to verify if the investment will be economically 
sustainable and, at the same time, if the production line is 
adequate to respect the factory environmental long term 
objectives. This represents a key aspect in the context of 
sustainable manufacturing. 
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2. State of the art 
In recent years the attention by industries on Sustainable 
Manufacturing themes, such as  the environmental impacts 
reduction on the industrial process, the employees safety 
during the manufacturing and the industrial costs decrease in 
order to enhance the company  profits, have grown; instead, 
the traditional industrial strategy is moving from the product 
sustainability to the related industrial process sustainability. 
This new philosophy has been defined by the U.S. 
Department of Commerce as “the creation of manufactured 
products that use processes that minimize negative 
environmental impacts, conserve energy and natural 
resources, are safe for employees, communities and 
consumers and are economically sound” [4].  
Under this vision, the Sustainable Manufacturing is a 
means for companies to implement innovation in their 
products, processes or both. The main fields in which 
sustainable manufacturing has been developed in the 
research activities are: metrics and analytical tools for 
assessing the impact of processes, systems and enterprises, 
modelling of sustainable, environmentally conscious 
manufacturing processes and systems, green supply chains, 
manufacturing technologies for reduced impact, and 
manufacturing technologies for producing advanced energy 
sources or storage [5]. Herrmann et al. [6] proposed a 
framework which use the virtual reality to visualize the 
environmental impact of the manufacturing processes. 
Lofgren et al. [7] propose a method able to combine discrete-
event simulation (DES) with the life-cycle assessment (LCA) 
analysis in order to configure the manufacturing process 
changes, capturing the dynamic interrelationships among the 
process itself. 
Moreover, numerous researches report examples on how 
evaluate the product sustainability, analyzing the industrial 
process involved. There are several studies on agriculture, 
livestock production and biofuel systems. For example, 
Dantsis et al. [8] propose an approach to assess and compare 
the sustainability of different agricultural plant through 
questionnaires and surveys.  Castellini et al. [9] analyze the 
sustainability of different poultry production systems in 
order to select the most relevant economic, ecological, 
social, and quality issue. Mengoyana et al. [10] present a 
method to assess the sustainability of biofuel systems in 
order to learn a better management and organization of the 
system itself. These heterogeneous studies demonstrate the 
growing interest and care on the sustainability theme in the 
industrial field like new strength to create innovation. 
In fact, applying Sustainable Manufacturing principles 
allows the process monitoring and control, the evaluation of 
energy consumption both for the factory and its single 
processes, the environmental impacts assessment, the 
identification of all factory costs involved and the decrease 
of the main impacts calculated. In order to achieve these 
industrial needs to have a sustainable factory, customized 
algorithms to obtain the industrial processes optimization 
and efficiency should be created, developed and 
implemented in the factory. However, the aims of these 
algorithms could be different.  
They should be implemented only monitoring and 
controlling the actual process exploitation to understand its 
environmental and economic impacts, trying to optimize the 
results through the process parameters setting. Examples of 
this work are several. Heilala et al. [11] show in their 
research a tool which simulates  the maximum production 
efficiency and helps to balance environmental constraints; 
the context is the linkage between the  lean manufacturing 
principles and the assessment of the environmental impacts. 
Thiede et al. [12] propose the manufacturing system 
simulation like a means to implement efficient and effective 
usage of energy and resources. 
Instead, other authors focus their research on the energy 
efficiency modelling and related algorithms [13][14] 
[15][16][17]. However in all these studies the focus is the 
optimization of the existed processes through the usage of a 
tool able to help companies in increasing the efficiency of 
their manufacturing or production processes. 
 Another aim, less investigated in researches and in the 
industry field, starting from the environmental and economic 
impacts assessment by the point of view of process 
components’ engineers and designers. In this case, to have a 
method able to preventively  estimate the environmental and 
economic impacts of the industrial processes is useful to 
understand what it is sold to companies and moreover, it 
could be become a strategic means to differ from 
competitors. 
3. Method for the sustainability estimation 
Companies which aim to reduce the environmental impact 
of their manufacturing processes, are forced to focus their 
attention on the environmental aspects, yet during the design 
phase of new production lines. In order to reach a sustainable 
factory, the design and implementation of “green” 
production lines are mandatory. In this context, it is 
fundamental the role played by the process design manager, 
which needs to be supported by a methodology for an 
objective evaluation of alternative solutions. So far, the most 
used selection drivers are based on the initial economic 
investment, overall dimensions, production capacity and 
degree of automation, without any evaluation of the 
environmental impact. In the proposed methodology, two 
indicators, one related to the environment and another related 
to costs, are considered. With this approach, it is possible to 
estimate the environmental impact and costs, actualized to a 
specific moment, for the new production line, during its life 
span.  
3.1. The sustainability calculation model 
In order to provide a global representation of the 
production line, the environmental and economic indicators 
have been classified into three groups which reflect the 
relative life cycle phases (manufacturing, use and End of 
Life). The economic indicator (LCC), equation (1), is given 
by the sum of the cost of each phase (the cost sources will be 
detailed in the next paragraph), discounted back using the 
discount rate, estimated by the manufacturing processes 
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manager, considering several factors, such as the investment 
risk of the production line. 
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where Cman, Cene, Cmai, CEoL are respectively the costs related 
of the initial investment, energy used during the use phase, 
maintenance and dismantling (End of Life), N is the life 
cycle time (in years), r is the discount rate (dimensionless). 
The subscript “n” used for Cene and Cmai means that values 
are referred to the n-th year. 
From the environmental point of view, lots of indicators 
could be chosen to evaluate the sustainability (Carbon 
Footprint, Energy Consumption, Global Warming Potential, 
etc.). Since the aim of this methodology is to support the 
manufacturing process manager, a single environmental 
indicator has been chosen, in order to avoid any kind of 
interpretation of the results provided as output. The selected 
indicator, the Equivalent Carbon Dioxide (CO2e), is defined 
as a metric measure used to compare the emissions from 
various greenhouse gases on the basis of their global-
warming potential (GWP), by converting amounts of other 
gases to the equivalent amount of carbon dioxide with the 
same global warming potential [European Commission]. 
This particular choice is due by the possibility to compare 
the effect of the gas emissions of different energy sources, 
required during the use phase (this is generally the most 
critical life cycle phase for a production line). The 
environmental impact (LCA indicator) is then assessed 
summing the contributions of each life cycle phase, as shown 
in equation (2). 
maienemanuseman EIEIEIEIEILCA               (2) 
where EIman, EIene, EImai are respectively the Environmental 
Impact related to the initial manufacturing of the line, energy 
consumed during the life span and maintenance. 
The manufacturing phase is related to all the activities 
required to make the manufacturing line with the relative 
machines (work carried out by the supplier of the system), to 
set-up the system within the production plant and to 
configure it for the manufacturing of a specific product. The 
cost assessment (Cman) is carried out according to the 
quotation provided by the supplier: this cost is the cost of 
investment for a new production line. The environmental 
assessment (EIman) is determined summing the impact of 
each machine within the line. The data required to calculate 
this item are provided by the suppliers in two ways: giving 
directly the Equivalent Carbon Dioxide (a very common 
indicator easy to assess) or supplying estimated information 
related to mass, materials and manufacturing processes of 
each machine of the production line. Such information are 
reliable only considering suppliers already tracked within the 
supply chain, with which there are bi-later exchanges of 
practices and know-how.  
The use phase of a production line is related to its normal 
running plus the accessory operations such as the 
maintenance. During this phase, the environmental and 
economic indicators are calculated considering the energy 
used and the maintenance required by each machine of the 
line. Since this approach is energy oriented, the flow of 
material though the line is not considered (the related 
environmental and economic indicators are not calculated).  
The next chapter explains in detail how it is possible to 
calculate the energy consumption and related indicators, 
taking into account the nameplate data (power, efficiency, 
working points) and driving cycle of each machine within 
the line. The proposed method considers only those energy 
sources which are transportable (i.e. electricity, compressed 
air, steam, hot water, gasoline, etc.). Ordinary and 
extraordinary maintenance activities (predictive ones have 
been neglected) provide the contributions to the economic 
and environmental indicators: the next chapter describes 
them in more detail. Concerning the use phase (the one with 
the highest impacts), the indicator EIuse is calculated with a 
very high reliability since it depends by nominal 
performances, use scenarios, maintenance plans, energy 
costs and unitary environmental impacts which are at 
company disposal or contained in the datasheets or manual 
of the production line components. 
For the End of Life Phase, only the cost indicator has 
been considered (CEoL). For its calculation, two scenarios for 
the production lines have been thought: re-manufacturing or 
dismantling. For the first scenario, the cost is calculated as a 
percentage of the initial investment, which mainly depends 
by the years of use. For the second one, the cost is calculated 
as a sum of the effort spent to disassemble the line and treat 
hazardous substances, and the revenue got from the material 
recycling. The calculation of the environmental impact has 
been postponed in a further research. 
3.2. Use phase and maintenance  sustainability evaluation 
Considering Energy using Product (EuP) or Energy related 
Product (ErP) categories, the use phase is certainly the most 
critical stage of the entire life cycle. For this kind of 
products, the energy consumed during this phase is much 
higher than the sum of the other contributions. And for this 
reason, a considerable part of the total lifecycle cost and of 
the environmental impact is determined during the use 
(about 80-85% or even more). These considerations can be 
also extended to production lines which are the main subject 
of the present paper. And for these complex energy using 
systems the importance of the use phase is more accentuated 
by the average duration of the life time (even more than 20 
years) which is higher than in the case of simpler energy 
using products, such as home appliances (about 10 years). 
All these considerations highlight the need to estimate the 
energy consumption with a very accurate modelling of the 
use scenario, which is a fundamental prerequisite for a 
careful environmental impact and cost assessment. 
Since, in general, a production line can be powered by 
different typologies of energy, the proposed approach is 
based on a classification of them (Table 1). Each energy has 
been characterized by a unitary cost, to consider during the 
LCC calculation, and by a unitary emission, to consider for 
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the environmental impact estimation. Regarding the costs 
they can be retrieved by the market or directly from the 
company which will use the production line. For the unitary 
emissions, instead, a common LCA database could be used. 
Table 1.  Energy typologies. 
Class Typology Cost Environmental 
Impact 
Chemical Gasoline 
Diesel oil 
Coal 
Methane 
Liquid Petroleum 
Gas 
€/l 
€/l 
€/kg 
€/m3 
€/l 
Unitary CO2e  
(from LCA DB) 
 Electrical Electricity Mix €/kWh 
Thermal Heat water 
Steam 
€/m3 
€/m3 
Potential Compressed air €/m3 
 
The correct estimation of the energy consumption passes 
through a very accurate modelling of the use scenario for 
each energy using component and for each energy typology. 
A very common way to model the use phase of energy using 
components is to consider their working time and their 
consumption in a single working point during their life time 
(or for each year). Unfortunately, this kind of approach can 
lead to significant errors in the consumption estimation, 
because very often energy using components can work in 
different working points (i.e. different speed, different 
torque, etc.). For example, thanks to the massive introduction 
of electronic, motors are generally designed to be used in 
different working points with an established driving cycle. 
Variable speed motors are very common in particular within 
production lines (i.e. electric spindles can operate at different 
speed and power depending on the typology of process to 
perform). So, it is clear that such modelling is too simplified 
to obtain estimation with an acceptable accuracy. 
In the proposed approach, the use scenario is modelled 
considering different distributions of working points for each 
energy using component and for each energy typology. In 
particular, each driving cycle (e.g. 1 second or 1 hour) is 
modelled by a list of working points (e.g. different speeds for 
motors) and consumptions (e.g. different powers). Obviously 
this model is essential only for some typologies of energy, 
such as the electrical energy, while for others, such as the 
compressed air or the thermal energy, the simplified model 
can be used without losing accuracy. Applying this detailed 
model, the yearly energy consumption for each energy 
typology, can be calculated using the equation (3):  
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where Ek,n is the yearly energy consumption of the n-th year 
relative to the k-th energy typology (e.g. electrical, heat 
water, compressed air, etc.), I is the number of components 
in the production line, DCi is the number of driving cycle in 
an year for the i-th component, J is the number of working 
points considered, ECi,j and WTi,j are respectively the 
consumption (e.g. power consumption for electricity, litres 
per time unit for gasoline or diesel oil, cubic meters per time 
unit for methane, etc.) and the working time of the i-th 
component at the j-th working point. 
In addition to energy consumption, another important 
aspect to consider during the use phase is the maintenance, 
which is relevant in particular in terms of costs. The 
indicators related to the ordinary maintenance are calculated 
considering the maintenance plan, reported in the 
maintenance manual of every machine, from which it is 
possible to extract the replacement interval of each 
component. The cost (Cmai) is calculated briefly considering 
the disassembly ad reassembly time, the unitary cost of the 
maintainer and the unitary cost of the replaced part, available 
from the repository of the maintenance department for 
commercial parts, or from the supplier catalogue, for the 
other ones. The environmental indicator is estimated using 
the same data used for the manufacturing phase for those 
components which is necessary to substitute, as well as data 
coming from an LCA DB for other materials (i.e. used oil). 
For the extraordinary maintenance, the data used for the 
calculations are the same considered for the ordinary one, but 
the replacement interval is estimated on statistical basis.  
On the basis of the previous considerations, the total 
environmental impact (in terms of CO2e emissions) can be 
calculated considering the unitary impacts of the different 
energy typology (coming from an LCA DB). This latter has 
to be summed with the contribution relative to maintenance, 
explained above. Equation (4) is therefore used to estimate 
the total environmental impact:   
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where EIuse is the total environmental impact for the use and 
maintenance phase, N is the number of year of the life time, 
K is the number of energy typology considered, Ek,n is the 
yearly energy consumption of the n-th year relative to the k-
th energy typology, UEIk is the unitary environmental impact 
of the k-th energy typology, I is the number of components 
in the production line and finally EIi,k is the environmental 
impact relative to components which is necessary to 
substitute. 
Regarding use phase costs, instead, it is necessary to 
consider the yearly costs, because they have to be discounted 
back as reported in the equation (1). On the basis of the 
energy consumptions (calculated by equation (3)), unitary 
costs of each energy typology and maintenance costs, the 
total costs relative to the use phase can be calculated by the 
following equation (5): 
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where the first summation represents the yearly cost of 
energy, while the second represents the yearly cost of 
maintenance. In particular, Cuse,n is the yearly cost of the use 
phase at the n-th year, K is the number of energy typology 
considered, Ek,n is the yearly energy consumption of the n-th 
year relative to the k-th energy typology, UCk is the unitary 
cost of the k-th energy typology, I is the number of 
components in the production line, Cord,i,n and Cext,i,n are 
respectively the costs for the ordinary and extraordinary 
maintenance relative to the i-th component at the n-th year. 
4. Test case and results discussion 
According to the methodology proposed and fully detailed 
in the lines before, a case study on an industrial company has 
been carried out in order to validate the method, to assess 
and then choose alternative solutions, and to demonstrate its 
advantages for the process design manager. 
4.1. Test case 
The study has been performed on a plastic pipes 
manufacturing industry made of three plants, one for each 
product family (PE pipes, PVC pipes and corrugate pipes), 
each one based on the plastic extrusion process. The plant 
involved in this study is related to the production of 
polyethylene (PE) pipes, because it has the oldest production 
lines which the company needs to update. 
Figure 1. Overview of the PE plant 
 
In this context, it is necessary to have a method able to 
address the process design manager to achieve an object 
solution, to respect the company business strategy in terms 
of process sustainability. The test case presented in this 
section is a good example to demonstrate how it is possible 
to support the process designer to achieve and implement an 
environmental sustainable process. The selected plant, in 
fact, involves several machines and auxiliary systems (i.e. 
chiller, shredder, etc.) which consume a lot of resources, 
such as energy, water and raw materials.  
Figure 1 shows an overview of the PE plant, where the 
industrial macro-areas are highlighted . The most important 
ones are: the raw materials storehouse, the extrusion lines, 
the refrigeration unit and the finished product storage area. 
In order to conduct the test case, it has been chosen to 
consider a new production line for substituting an existing 
one. This line has been designed choosing the best 
technological components for each functional group (i.e. 
feeder system, extruder, etc.). Using the proposed method, 
the process design manager has a baseline which could be 
compared with the other potential process solutions. 
The sustainability of this new extrusion line has been 
assessed calculating the environmental and economic 
impacts through the respectively application of LCA and 
LCC techniques. In both analyses the lifetime considered is 
25 years and the main lifecycle phases involved are the 
manufacturing, use and EoL; for each one, the related 
environmental and economic impacts, in terms of Global 
Warming Potential (quantity of CO2e delivered) and amount 
of money  spent (€), have been accurately estimated. 
Moreover, only the electrical energy resource has been 
considered in this test case, because this is the most 
impacting for the extrusion line, during its lifetime. 
Concerning the LCC analysis, the economic values have 
been calculated discounting back the cost spent each year, 
throughout the lifespan. The result has been achieved using 
the Equivalent Annual Cash Flow technique, with 3% as 
discount rate (value estimated by the company). as the final 
results will demonstrate, the use phase will impact more than 
the other phases. 
4.2. Results discussion 
Table 2 shows in detail the environmental and economic 
impacts resulted by the LCA and LCC analysis on the 
sample line. These impacts have been collected according to 
the lifecycle phases, paying attention especially to the use 
phase. Indeed, this is justified by the fact that there is a 
difference of three orders of magnitude between the LCA 
impacts of the manufacturing and use phases. For this 
reason, the impacts related to the use phase are divided both 
per each functional group and per contribution, in terms of  
energy and maintenance. Concerning the EoL phase, instead, 
it has been estimated that the extrusion company balances 
the costs for the production line regeneration through the 
economic benefit due to the technology innovation of each 
production line components. The table of results highlights 
that the impacts (environmental and economic) for the 
maintenance activities, are a very low percentage of the 
energy related impacts, even if the overall monetary during 
the considered lifetime cannot be neglected. In conclusion, 
through the application of this method, it is possible to 
deduce that the extruder is the most impacting element 
within the line, throughout its lifespan. In this way, the 
process design manager has immediately clear which is the 
strategic factor where he should pay more attention. 
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Table 2. Results of the LCA/LCC analysis. 
FUNCTIONAL GROUPS LIFECYCLE PHASES 
LCA impacts [kg CO2e] LCC impacts [€] 
ENERGY MAINTENANCE ENERGY MAINTENANCE 
Extrusion line MANUFACTURING 2,08E+04 300.000,00  
Feeder 
USE 
8,97E+05 8,95E+01 301.653,18 41.191,52 
Extruder 1,36E+07 1,70E+03 4.570.502,70 51.489,40 
Co-extruder 3,06E+05 7,65E+00 102.836,3 10.297,88 
Vacuum tank 1,90E+06 9,50E+01 639.870,38 20.595,76 
Cooling tank 1,53E+06 7,65E+01 514.181,55 € 20.595,76 
Drag system 6,12E+05 maintenance free 205.672,62 maintenance free 
Seal press 1,02E+05 maintenance free 34.278,77 maintenance free 
Cutting system 5,44E+05 maintenance free 182.820,11 maintenance free 
Chiller 2,99E+06 4,49E+02 840.816,34 61.787,28 
Extrusion line EoL X 0,00 
TOTAL 2,25E+07 2,42E+03 7.692.631,96 205.957,60 
 
5. Conclusion 
The sustainability of industrial plants and processes is 
recognized as a key factor for companies. In this context, the 
methodology presented in this paper represents an important 
step toward the increase of process energy efficiency and 
environmental/economic sustainability.  
The proposed approach, based on LCA/LCC methods, 
allows to accurately estimate the overall energy 
consumption, as well as the CO2e emissions and costs for the 
entire production line life span. The results coming out from 
the analyses are essential for the process design engineer to 
know which is the “current situation” and understand the 
most important criticalities, without installing costly real-
time monitoring systems, and finally to simulate different 
scenarios for the improvement of a line, by the substitution 
of some functional groups/components or the entire line. 
This is a valid approach in a lifecycle perspective, even if 
some aspects could be further investigated, in particular the 
environmental impact estimation of the production line 
manufacturing phase. A specific research topic need to be 
started, with the aim to define a dedicated method to retrieve 
such kind of information from the suppliers and to verify the 
data validity. Future works will be focused on the 
development of a software tool to implement the proposed 
approach and thus help companies in the process 
sustainability estimation. Furthermore, the methodology will 
be improved to better consider the maintenance and EoL 
phases, and to expand the boundaries to the entire factory 
sustainability, considering, for example, the building or the 
ventilation and heating systems. 
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